Borrelia burgdorferi, the causative agent of Lyme disease, lacks the ability to biosynthesize many essential nutrients de novo, including N-acetylglucosamine (GlcNAc). This amino sugar is required for cell wall synthesis, and is a component of the complex growth medium used for in vitro propagation. When cultured without free GlcNAc, B. burgdorferi cells exhibit a unique biphasic growth pattern. We hypothesized that genes involved in the GlcNAc starvation response would be differentially expressed when compared to cells cultured in complete medium, and investigated this using transcriptomics. Twenty-one genes were differentially regulated in wild-type and starvation-adapted cells cultured without GlcNAc compared to wild-type cells cultured with GlcNAc. Of those, three genes involved in carbohydrate utilization were upregulated: bbb04 (chbC) encoding a subunit of the chitobiose transporter, bb0629 (fruA-2) encoding a putative carbohydrate transporter and bb0644 (nanE) encoding a putative GlcNAc-6-phosphate-2-epimerase predicted to catalyze the conversion of N-acetylmannosamine-6-phosphate (ManNAc-6-P) to GlcNAc-6-P. Quantitative RT-PCR was used to confirm differential expression of select genes, and substitution of free GlcNAc with free ManNAc resulted in growth to high cell density, suggesting B. burgdorferi cells can utilize free ManNAc for cell wall synthesis and energy production.
INTRODUCTION
Lyme borreliosis, caused by spirochetes of the Borrelia burgdorferi sensu lato genospecies, is primarily confined to the Northern hemisphere and is the most prevalent tick-borne illness in the United States (Kurtenbach et al. 2006; Schwartz et al. 2017) . Borrelia burgdorferi sensu stricto is the etiologic agent of disease in North America, while B. garinii and B. afzelii are the agents of borreliosis in Europe and Asia. The most common manifestation of early localized Lyme disease is erythema migrans, a bulls-eye rash at the site of inoculation that appears within 3 to 30 days of tick feeding (Dandache and Nadelman 2008) . If left untreated, B. burgdorferi cells may disseminate from the site of inoculation, potentially leading to more serious systemic complications (Steere et al. 2016) . While tick avoidance and antibiotic treatment are effective in the prevention and management of Lyme disease, efforts to understand basic physiology and pathogenesis remain important for improving diagnosis and developing new treatment strategies.
Borrelia burgdorferi cells exist exclusively in an enzootic cycle involving a tick vector (Ixodes spp.) and mammalian or avian host. Maintenance in this complex cycle requires the bacterium to differentially express genes as it moves from one host to another, encountering extreme changes in temperature, pH and nutrient availability (Radolf et al. 2012; Caimano et al. 2016) . Two decades of research suggests gene expression in these vastly different environments is driven by two regulatory networks, both of which are initiated by two component systems (reviewed in Radolf et al. 2012) . The Hk2-Rrp2-RpoN-RpoS pathway responds to an unknown signal during nymphal tick feeding, and mediates transmission to, and infection of, the mammalian host. Activation of this pathway occurs through phosphorylation of the response regulator Rrp2, which serves as a bacterial enhancer binding protein to activate transcription at the rpoS promoter by RpoN (Yang, Alani and Norgard 2003) . Additional layers of regulation exist at the rpoS promoter, and are mediated by the activity of the BadR repressor (Miller, Karna and Seshu 2013) and the BosR activator (Ouyang, Deka and Norgard 2011) proteins.
In contrast, the Hk1-Rrp1 pathway mediates expression of genes necessary for survival in the vector (reviewed in Caimano et al. 2016) . Transition back to the tick midgut environment results in activation of the sensor kinase Hk1 and phosphorylation of its cognate response regulator Rrp1, a diguanylate cyclase that exerts its influence through the production of the signaling molecule cyclic-di-GMP (c-di-GMP) (Rogers et al. 2009 ). Borrelia burgdorferi cells encode a complete suite of genes for the function and metabolism of c-di-GMP, including the c-di-GMPbinding protein PlzA and the phosphodiesterases PdeA and PdeB (reviewed in Novak, Sultan and Motaleb 2014) . Production of this signaling molecule downregulates rpoS expression through the upregulation of the BadR repressor protein and consequently downregulates genes important for survival in the mammalian host (Miller, Karna and Seshu 2013; Ouyang and Zhou 2015) . Additionally, c-di-GMP has been shown to upregulate genes important for survival in the unfed tick and transmission to a new mammalian host (reviewed in Caimano et al. 2016) .
Borrelia burgdorferi cells also encode a bifunctional enzyme, Rel Bbu , that mediates the classical stringent response through the formation and degradation of guanosine tetraphosphate and guanosine pentaphosphate (Bugrysheva et al. 2003; Concepcion and Nelson 2003) . These second messengers (or alarmones), collectively referred to as (p)ppGpp, modulate gene expression through interaction with the transcription machinery (reviewed in Hauryliuk et al. 2015) . Levels of these alarmones are increased under nutrient-limiting conditions in vitro (Bugrysheva et al. 2003; Concepcion and Nelson 2003; Drecktrah et al. 2015) , and recent work has demonstrated the importance of Rel Bbu in the maintenance of B. burgdorferi cells during the prolonged nutrient poor conditions encountered in the unfed tick (Drecktrah et al. 2015) .
Borrelia burgdorferi cells have a limited genome consisting of a linear chromosome and 21 linear and circular plasmids, and must obtain many essential building blocks from the host (Fraser et al. 1997) . As a constituent of peptidoglycan, N-acetylglucosamine (GlcNAc) is required for cell wall synthesis. However, B. burgdorferi cells cannot synthesize this amino sugar from glucose and have previously been shown to acquire it from the host as a monomer or dimer (chitobiose) through dedicated phosphoenolpyruvate-phosphotransferase systems (PEP-PTS) (Tilly et al. 2001; Troy et al. 2016) . Once inside the cell, GlcNAc-6-P may be used for peptidoglycan synthesis or converted to fructose-6-phosphate and shuttled into the glycolytic pathway as a source of energy (Corona and Schwartz 2015) . The bacterium relies solely on glycolysis to generate ATP, and several carbohydrates other than glucose and GlcNAc can support growth in vitro, including glycerol, maltose, mannose, chitobiose and trehalose (von Lackum and Stevenson 2005; Hoon-Hanks et al. 2012) , indicating numerous carbohydrates may be important substrates for energy production throughout the enzootic cycle.
Borrelia burgdorferi cells starved for GlcNAc exhibit a unique biphasic growth pattern (Tilly et al. 2001) , but the source of GlcNAc in the second exponential phase remains unknown. Previous reports have demonstrated upregulation of the chitobiose transporter (bbb04; chbC) in cells starved for GlcNAc (Tilly et al. 2001; Rhodes, Coy and Nelson 2009) ; however, chbC is not required to complete the mouse-tick cycle (Tilly et al. 2004; Khajanchi et al. 2016) . While this suggests chitobiose transport is not required for mammalian infection or maintenance in the tick vector, little else is known regarding differential gene expression in the absence of GlcNAc. Interestingly, it has been shown that starvation-adapted cells grow to high density in a single exponential phase without GlcNAc after serial passage in complete medium (Rhodes, Atoyan and Nelson 2012) , suggesting a stable adaptation to this starvation condition. Thus, this study aimed to identify genes important to the GlcNAc starvation response by comparing the transcriptomes of wild-type and starvation-adapted cells cultured without GlcNAc to that of wild-type cells cultured with GlcNAc. Transcriptome analyses led to the hypothesis that B. burgdorferi cells may utilize Nacetylmannosamine (ManNAc) in the absence of GlcNAc, and we investigated this by following growth in vitro in the presence of free ManNAc.
MATERIALS AND METHODS

Bacterial strains, culture conditions and viable plate counts
High passage B31A (Elias et al. 2000) was the wild-type strain used in this study, and RR45 (Rhodes, Atoyan and Nelson 2012) was the GlcNAc starvation-adapted clone obtained from the B31A parent. Cells were routinely cultured in modified BSK-II medium (Barbour 1984) supplemented with 7% rabbit serum (Thermo Fisher Scientific, Waltham, MA). BSK-II was modified from the original recipe by replacing 10 × CMRL-1066 with 10 × Media 199 (with Earle's Salts, without L-glutamine, without sodium bicarbonate; Thermo Fisher Scientific). For certain growth experiments, free GlcNAc was replaced with N-acetyl-Dmannosamine (ManNAc; Alfa Aesar, Haverhill, MA). Cells were cultured at 33
• C with 3.0% CO 2 . Cell density of liquid cultures was routinely determined by direct cell count using a PetroffHauser hemocytometer (Hausser Scientific Co., Horsham, PA) and dark-field microscopy.
To determine plasmid content of these high passage B. burgdorferi strains, DNA from B31A and RR45 cells was extracted using the DNeasy Blood and Tissue Kit (Qiagen, Inc., Valencia, CA) according to the manufacturer's instructions. Sequencespecific primers were used to detect plasmids A-U using PCR as previously described (Elias et al. 2002) .
To determine viability of cells during GlcNAc starvation, spirochetes cultured without GlcNAc in BSK-II were enumerated daily by direct cell count and plated on solid BSK-II medium as previously described (Kurtti et al. 1987) . Bacteria were serially diluted on the basis of the direct cell count to allow for countable colonies (30 to 300 CFU per plate). Briefly, cells were mixed with 20 mL of molten BSK-II medium equilibrated to 42
• C and overlaid on 15 mL of solidified BSK-II medium. Overlays were allowed to solidify at room temperature, and plates were sealed with a parafilm and inverted at 33
• C with 3.0% CO 2 for 2 weeks prior to counting. Duplicate plates were prepared at each dilution, and replicates were averaged to determine CFU mL −1 .
RNA isolation and sequencing
For transcriptome analyses, RNA was extracted from duplicate 100 mL cultures of BSK-II with (B31A) or without (B31A and RR45) GlcNAc and harvested in late-log phase (∼1-3 × 10 7 cells mL −1 ).
Specifically, cells were pelleted by centrifuging at 6000 × g for 15 min at 4
• C, and the supernatant was discarded. Cells were resuspended in 450 μL of ice-cold BSK-II, immediately exposed to 1 mL of RNAprotect Bacteria (Qiagen, Inc.) and incubated at room temperature for 5 min. Cells were collected by centrifuging at 10 000 × g for 10 min at room temperature, and the supernatant was discarded before storing samples at −80 • C. Thawed pellets were dislodged from the tube, resuspended in 150 μL of lysozyme in TE buffer (1 mg mL −1 ), and incubated at room temperature for 5 min. The remainder of the RNA extraction was carried out using the RNeasy Mini Kit according to the manufacturer's instructions (Qiagen, Inc.). RNA was treated with RQ1 RNase-free DNase (Promega, Madison, WI), and purified using the RNeasy Mini Kit. Prior to sequencing, RNA samples were quantified using the Nanodrop 2000 (Thermo Fisher Scientific) and subjected to a quality check using the 2100 Bioanalyzer (Agilent Technologies, Inc., Santa Clara, CA). Ribosomal RNA was depleted using the RiboZero rRNA removal kit (Illumina, Inc., San Diego, CA), and RNA sequencing was conducted by Genewiz, LLC (South Plainfield, NJ) using the Illumina HiSeq 2500 Ultra-High Throughput System. Sequences were trimmed to remove adapters and nucleotides with poor quality at the end. After trimming, sequence reads shorter than 30 nucleotides were discarded. Remaining sequence reads were aligned to the reference genome for B. burgdorferi B31 using the CLC Genomics Server (Qiagen, Inc.).
Gene hit counts were measured on the basis of an 80% match to the reference genome, and RPKM (Reads Per Kilobase of transcript per Million mapped reads) values were calculated. Gene expression differences between cells cultured without GlcNAc and cells cultured with GlcNAc were determined after quantile normalization and log2-transformation. Student's t-tests were conducted, and genes with a P-value ≤ 0.05 and a fold change for the normalized RPKM value≥ 2.0 were considered differentially regulated.
Quantitative RT-PCR
Quantitative RT-PCR (qRT-PCR) was used to confirm differential gene expression observed by RNAseq. RNA for this analysis consisted of the two duplicates used for RNAseq as well as an additional biological replicate prepared as described above. To generate standard curves for each primer set (Table 1) , PCR products were amplified by traditional PCR, and purified using the EZ-10 Spin Column PCR Products Purification Kit (Bio Basic, Inc., Amherst, NY) according to the manufacturer's instructions. Purified products were quantified at 260 nm using a Take3 Micro-Volume Plate and an Epoch spectrophotometer (BioTek Instruments, Inc., Winooski, VT), and the number of copies of DNA per microliter of sample was determined (http://cels.uri.edu/gsc/cndna.html). Serial dilutions of each purified PCR product were prepared in 100 ng μL −1 yeast tRNA (Thermo Fisher Scientific) to generate a standard curve from 10 to 10 7 copies. Standard curves were run with the iTaq SYBR Green Supermix (Bio-Rad, Inc., Hercules, CA) using the following conditions in the CFX96 Touch Real Time PCR Detection System (BioRad, Inc.): initial denaturation at 95 • C for 3 min; 35 cycles of denaturation at 95
• C for 10 sec; annealing and extension at 50
• C-58
• C for 30 sec depending on the primer set, followed by fluorescence collection at the end of each cycle. Melt curve analysis was conducted from 55 • C to 95
• C in 0.5 • C increments for 2 sec, and fluorescence was collected at each increment. The cycle threshold was determined using the CFX Manager software (BioRad, Inc.), and optimal efficiency of each primer set was empirically determined by varying the annealing temperature and primer concentration. Gene expression analysis by qRT-PCR was conducted using the iTaq Universal SYBR Green One-Step Kit (Bio-Rad, Inc.) according to the manufacturer's instructions, and the optimal conditions are indicated for each primer set in Table 1 . Total RNA was diluted in nuclease-free water containing 100 ng μL −1 yeast tRNA to a final concentration of 5 ng μL −1 , and 2 μL was added to each reaction mixture (final reaction volume was 15 μL). Thermocycling conditions were the same as indicated above, but included an initial reverse transcription reaction for 10 min at 50
• C. The cycle threshold of each reaction was determined using the CFX Manager software, and three biological replicates were tested in duplicate for each condition. Threshold values were normalized to the housekeeping gene bb0147 (flaB), and relative expression differences were determined using 2 − Ct (Schmittgen and Livak 2008) . Significance was determined using a two-tailed t-test and assuming equal variances.
RESULTS AND DISCUSSION
Viability of B. burgdorferi cells during GlcNAc starvation
Previous research described biphasic growth of B. burgdorferi cells cultured in BSK-II without free GlcNAc (Tilly et al. 2001; Rhodes, Coy and Nelson 2009 ). Microscopic inspection in those studies revealed normal spirochete morphology in the first exponential phase as cells presumably utilized free GlcNAc or GlcNAc oligomers found in complex medium components; however, upon depletion of those sources, cells exhibited abnormal blebbing, reduced motility and a reduction in cell density at or below the limit of detection by direct cell count. As a result, it was unclear if the cell density estimates from those studies were representative of the number of viable cells remaining at the end of the death phase. We addressed that here by transferring wildtype cells starved for GlcNAc to solid BSK-II containing GlcNAc to determine the viable cell number along the biphasic growth curve (Fig. 1, open triangles) . Viability results mirrored the biphasic growth observed by direct enumeration (Fig. 1, open squares) , indicating the number of viable cells does not decrease below ∼10 5 cells mL −1 during the death phase.
This is an important observation that provides insight into the mechanism of this adaptive response. Previous work speculated that a genetic change mediated by RecA was responsible for growth in the second exponential phase, as the adaptation was stable in wild-type cells, but not recA mutant cells, following serial passage in complete medium (Rhodes, Atoyan and Nelson 2012) . While mutagenesis is a well-documented response to bacterial stress (reviewed in Galhardo, Hastings and Rosenberg 2007) , the site of mutation in this instance has not been determined, leaving open the possibility of other adaptation mechanisms. The viability results presented here lend support to an alternative mechanism since the number of viable cells observed at the end of the death phase (10 5 cells mL −1 ) indicates growth in the second exponential phase is not likely due to a clonal population of cells arising from a single parent carrying an adaptive mutation. Additionally, the consistency and reproducibility of the biphasic growth curve observed with wild-type cells during GlcNAc starvation further supports an alternative mechanism that may be physiologic, possibly mediated by differentially expressed genes described below. While it is difficult to reconcile the stability of the adaptation with a physiologic mechanism, stable adaptations to oxidative stressors in the absence of muta- 
Transcriptome analysis
The wild-type (B31A) and starvation-adapted (RR45) strains used in this study were high-passage and non-infectious but were chosen because growth of these strains in the absence of GlcNAc has been well characterized (Rhodes, Coy and Nelson 2009; Nelson 2010, 2012) . Strains were analyzed for plasmid content by PCR and both lacked plasmids cp9, lp25, lp28-1, lp28-4, lp38 and lp21 (data not shown), which was consistent with the transcriptomic data as expression of genes encoded on these plasmids was not detected (see below). To identify genes important to the GlcNAc starvation response, we performed transcriptomics to compare gene expression of wild-type and starvation-adapted cells cultured without GlcNAc to that of wild-type cells cultured with GlcNAc. As expected, wild-type cells without GlcNAc exhibited biphasic growth (Fig. 1, open squares) , and cells were collected for RNA extraction in the second exponential phase. In contrast, starvation-adapted cells without GlcNAc grew to high density in a single exponential phase (Fig. 1, open circles) as previously described (Rhodes, Atoyan and Nelson 2012), similar to wild-type cells cultured in complete medium (Fig. 1, closed squares) . RNA analysis revealed high quality RNA, and all samples had an RNA Integrity Number (RIN) greater than 7.0 (Table S1, Supporting Information) (Schroeder et al. 2006) . Since previous studies established the upregulation of the membrane-spanning component of the chitobiose PEP-PTS (bbb04; chbC) during GlcNAc starvation in wild-type cells (Tilly et al. 2001 ; Rhodes, Coy and Nelson 2009), we used qRT-PCR to confirm this in our samples prior to RNA sequencing. As predicted, wild-type cells starved for GlcNAc exhibited a significant upregulation of chbC (92.3-fold, standard error ±31.8, P-value <0.001), similar to the 44-fold increase previously reported for cells in the second exponential phase (Rhodes, Coy and Nelson 2009 ). In addition, we observed a significant upregulation of chbC in starvation-adapted cells starved for GlcNAc (6.3-fold, standard error ±2.5; P-value <0.05), though this expression was ∼15-fold lower than that observed for wild-type cells without GlcNAc.
RNA sequencing resulted in more than 25 million reads per sample, and greater than 93% of the bases in each sample had a quality score ≥30 (Table S1 , Supporting Information). Additionally, hierarchical clustering analysis and principal component analysis demonstrated that duplicate samples had similar expression profiles and clustered by themselves (data not shown). Analysis of wild-type cells without GlcNAc revealed 152 differentially expressed genes compared to wild-type cells with GlcNAc. Seventy-two genes were upregulated (Table S2 , Supporting Information), with 61 (85%) encoded on the chromosome, cp26 or lp54 ( Fig. 2A) , which are the genetic elements that encompass the core Borrelia genome (Casjens et al. 2017) . Forty-three of the upregulated genes (60%) have predicted functions that span a wide-range of functional categories. Of particular interest to this study were the eight genes encoding proteins with predicted carbohydrate transport or metabolism functions (Table  S2 , Supporting Information; COG category G). The upregulated carbohydrate transporters included the glycerol uptake facilitator (bb0240; glpF), the mannose-specific PEP-PTS (bb0629; fruA-2), and the chitobiose PEP-PTS (bbb04, bbb05 and bbb06; chbC, chbA and chbB, respectively), while those with predicted carbohydrate metabolic functions included 4-alpha-glucanotransferase (bb0166; malQ), GlcNAc-6-phosphate-2-epimerase (bb0644; nanE) and ribose 5-phosphate isomerase (bb0657; rpiA). Of the 80 downregulated genes in wild-type cells without GlcNAc (Table S3 , Supporting Information), only two were encoded on the core genetic elements ( Fig. 2A) and most genes did not have a predicted function. Interestingly, 12 of the downregulated genes on lp56 and the cp32s encode the previously described holin-like system (BlyA and BlyB) (Damman et al. 2000) , perhaps suggesting suppression of phage release under this starvation condition.
In starvation-adapted cells cultured without GlcNAc, 42 genes were differentially regulated when compared to wild-type cells cultured in complete medium. Thirty-four genes were upregulated (Table S4 , Supporting Information) and eight genes were downregulated (Table S5 , Supporting Information). This represents less than one-third of the genes differentially regulated by wild-type cells exposed to the GlcNAc starvation for the first time, suggesting expression of some differentially regulated genes stabilized following adaptation to the starvation condition. Fifteen (44%) upregulated genes were encoded on the core genetic elements, while 13 (38%) were encoded on lp28-2 and lp56 (Fig. 2B ). Of the eight downregulated genes, two were encoded on the chromosome and none encoded the holin-like system observed in the starved wild-type cells.
To better understand the GlcNAc starvation response, we focused our attention on genes that were differentially regulated in both wild-type and starvation-adapted cells cultured without GlcNAc (Table 2) . Twenty-one genes were differentially regulated in both strains, 17 upregulated and 4 downregulated. Differential expression was confirmed by qRT-PCR for seven genes, and all exhibited statistically significant differences similar to those observed by RNAseq (Fig. 3) . For example, bbg28 encoding a hypothetical protein was upregulated 6.0-and 23.7-fold in wild-type and starvation-adapted cells by RNAseq, respectively, and qRT-PCR differences were comparable at 4.8-and 37.7-fold. While the function of this protein is unknown, the level of upregulation in starvation-adapted cells suggests it may be important for the stable adaptation to the GlcNAc starvation condition. We note here that bbg28 is the first of seven closely spaced genes on lp28-2 that are transcribed in the same direction and may be arranged in an operon extending from bbg28 to bbg22. Support for this operon structure includes the upregulation by RNAseq of bbg25 in both wild-type (2.8-fold) and starvation-adapted (8.5-fold) cells (Table 2) , and the upregulation of bbg27 (28.7-fold) and bbg26 (13.1-fold) in starvation-adapted cells (Table S4 , Supporting Information). We highlight the possibility of this operon as bbg24 encodes a protein with a pectin lyase fold (IPR011050) that may indicate involvement in the degradation of polysaccharides or sugar moieties containing sequestered GlcNAc to allow for growth in the second exponential phase. While differential regulation of bbg24 was not observed by RNAseq or examined by qRT-PCR, further investigation of this region and its involvement in the GlcNAc starvation response is warranted.
Of the eight genes involved in carbohydrate transport and metabolism that were upregulated in wild-type cells without GlcNAc, three were also upregulated in starvation-adapted cells (bbb04, bb0629 and bb0644), suggesting these may be important were cultured in the absence of GlcNAc, and gene expression was compared to wild-type cells cultured with GlcNAc. Fold change was calculated by the Ct method and flaB (bb0147) expression was used for normalization. Error bars represent the standard error of the mean calculated from three independent trials, and all differences were significant (P < 0.05) as determined by a two-tailed t-test.
for cell survival and adaptation to GlcNAc starvation. As indicated above, previous studies have characterized the upregulation of bbb04 (chbC) during GlcNAc starvation, which is likely elevated as cells attempt to scavenge GlcNAc in the form of chitobiose. The other carbohydrate transporter, bb0629 (fruA-2), was originally annotated as fructose specific (Fraser et al. 1997) , but experimental evidence has demonstrated that B. burgdorferi cells cannot utilize fructose as a carbon source (von Lackum and Stevenson 2005) . Therefore, the authors suggested that bb0629 may be mannose specific, but this has not been demonstrated experimentally and they emphasized that bb0629 may import other sugars as some PEP-PTSs exhibit relaxed specificity (Postma, Lengeler and Jacobson 1993) . The third gene upregulated in both strains and involved in carbohydrate metabolism during GlcNAc starvation was bb0644 (nanE). This gene encodes a putative GlcNAc-6-phosphate-2-epimerase, which presumably catalyzes the isomerization of ManNAc-6-P to GlcNAc-6-P (Plumbridge and Vimr 1999) , possibly providing another source of GlcNAc for cell wall synthesis and energy production during the enzootic cycle.
Genes encoding enzymes involved in two distinct regulatory pathways were also differentially expressed in wild-type and starvation-adapted cells starved for GlcNAc, suggesting these pathways may play an important role during the GlcNAc starvation response. Specifically, bb0374 (pdeB) and bb0375 (pfs) were upregulated in both strains in the absence of GlcNAc, which are known to be co-transcribed with bb0376 (metK) and bb0377 (luxS) (Riley et al. 2007 ). The pdeB gene encodes an HD-GYP domain c-di-GMP phosphodiesterase that degrades the second messenger c-di-GMP to two GMPs, and is necessary for normal motility and survival in the tick vector (Sultan et al. 2011) . Though cotranscribed with pdeB, the pfs gene product is involved in a different signaling pathway. Together with the luxS gene product, Pfs converts the toxic S-adenosylhomocysteine to 4,5-dihydroxy-2,3-pentanedione, a molecule that can spontaneously convert to autoinducer-2 (AI-2) (Babb et al. 2005) . In B. burgdorferi cells, AI-2 has been shown to regulate the expression of a distinct subset of unknown proteins as well as the outer surface lipoprotein VlsE (Babb et al. 2005) ; however, since VlsE is encoded on lp28-1, and our high-passage strains lack this plasmid, we were unable to confirm differential expression of VlsE due to GlcNAc starvation. Despite this, upregulation of the bb0374-bb0377 operon suggests AI-2 and c-di-GMP may play a role in the GlcNAc stress response.
While differential expression of rel Bbu was not detected by transcriptomics and the levels of (p)ppGpp were not followed in this study, genes previously linked to the stringent response were differentially regulated in the absence of GlcNAc. For example, previous reports have linked the glycerol uptake facilitator, bb0240 (glpF), to the stringent response (Bugrysheva et al. 2015; Drecktrah et al. 2015) , and this gene was upregulated in this study in wild-type cells in the absence of GlcNAc (Table S2 , Supporting Information). Additionally, the second most upregulated gene in wild-type cells without GlcNAc was decorin binding protein B (Table S2 , Supporting Information), bba25 (dbpB), which Drecktrah et al. showed was regulated by the stringent response and was upregulated during starvation in RPMI, a medium lacking GlcNAc. The majority of downregulated genes observed in wild-type cells without GlcNAc were encoded on cp32 plasmids (Table S3 , Supporting Information), previously determined to be prophages (Eggers and Samuels 1999; Eggers et al. 2016) . Similarly, Drecktrah et al. showed downregulation of the phage late operon is dependent on rel Bbu , providing evidence for regulation by the stringent response. Taken together, these examples suggest the stringent response, a global response mechanism to nutrient stress, likely plays an important role in gene regulation during starvation for GlcNAc.
ManNAc supports growth of B. burgdorferi
As the putative GlcNAc-6-phosphate-2-epimerase (bb0644; nanE) was upregulated in both wild-type and starvation-adapted cells in the absence of GlcNAc, we hypothesized that B. burgdorferi cells may utilize ManNAc in the absence of GlcNAc. To test this, we cultured wild-type cells in BSK-II lacking GlcNAc but supplemented with free ManNAc (Fig. 4, closed squares) . Optimal growth was observed in a single exponential phase demonstrating cells can utilize this amino sugar as an alternative to free GlcNAc. Growth to high cell density in a single exponential phase suggests ManNAc was likely imported through one of twelve PEP-PTSs, and the resulting ManNAc-6-P was isomerized to GlcNAc-6-P through the action of NanE. Current work is being conducted to provide genetic evidence for these assertions. Additionally, the data indicate that free ManNAc is not the source of GlcNAc in the second exponential phase as wild-type cells were able to utilize ManNAc upon depletion of residual GlcNAc from complex medium components as evidenced by growth to high density in a single exponential phase. These results are in line with previous research, demonstrating that second exponential phase growth likely requires the import of chitobiose through the chbC transporter as a chbC mutant did not exhibit second exponential phase growth (Rhodes, Atoyan and Nelson 2010) . To the best of our knowledge, this is the first report of B. burgdorferi cells utilizing ManNAc for cell wall synthesis and energy production.
While expression data suggest GlcNAc starvation in vitro likely mimics conditions observed in the tick vector (e.g. upregulation of chbC and pdeB), the presence of free ManNAc in the tick midgut is unknown. ManNAc is a precursor of sialic acid, a common protein modification found in mammals and a target for many bacterial pathogens (reviewed in Haines-Menges et al. 2015) . While B. burgdorferi cells do not possess the full complement of proteins required for sialic acid catabolism, the results presented here suggest they may scavenge free ManNAc during the enzootic cycle. A recent study reported recycling of host sialylated glycoproteins in fed ticks (Sterba et al. 2014) , but catabolism of sialic acid by the tick or other tick-associated bacteria that would result in the release of free ManNAc is unknown. In contrast, development of an assay to evaluate ManNAc in human serum has revealed the presence of this amino sugar in the mammalian host (Shi et al. 2015) , suggesting a source for B. burgdorferi cells in both the mammal and fed tick hosts. Interestingly, recent work by Khajanchi et al. suggests the glucose transporter encoded by bb0645 (ptsG) is required for murine infection, and RT-PCR suggests bb0644 (nanE) is co-transcribed with bb0645 in a two-gene operon in B31A (data not shown). Taken together, these results indicate bb0644 may be expressed in the mammalian host to convert ManNAc-6-P to GlcNAc-6-P following the uptake of free ManNAc; however, additional work is needed to determine the importance of this sugar and the bb0644 gene product during the enzootic cycle.
CONCLUSIONS
Transcriptomics was used to characterize the GlcNAc starvation response in B. burgdorferi. Several genes involved in carbohydrate transport and metabolism were upregulated in starved cells, including bb0644 (nanE) encoding a GlcNAc-6-phosphate-2-epimerase, which is predicted to convert ManNAc-6-P to GlcNAc-6-P. We demonstrated free ManNAc can serve as a substitute for free GlcNAc in vitro, suggesting this amino sugar may also serve as a carbon source for cell wall synthesis and energy production during the enzootic cycle.
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